here are 2 models of cultured isolated adult mammalian cardiomyocytes as described by Jacobson and Piper: 1 the redifferentiated model and the rapid attachment model. In the redifferentiated model, serum supplements the culture media and the cardiomyocytes undergo a gradual morphologic transition from a rod to a spheroid shape. [2] [3] [4] These cells contract spontaneously, but lose their specific structure as myocytes during the gradual transition. Although the cells partially regain myotypic structure during a subsequent flattening and spreading phase and maintain contraction for up to 60 days, there is a problem with the validity of this model for terminally differentiated cells in vivo. 1 In contrast, the isolated adult cardiomyocytes in the rapid attachment model rapidly attach to culture dishes precoated with adhesive reagents and are then cultured in a serum-free medium. [5] [6] [7] The attached cells do not contract spontaneously, but maintain the characteristic morphology of intact cardiomyocytes. The most serious problem with this model is that the number of Japanese Circulation Journal Vol.65, August 2001 adherent cells decrease so rapidly via spontaneous death that their use for experiments is limited; 1 most die within 1 week.
adherent cells decrease so rapidly via spontaneous death that their use for experiments is limited; 1 most die within 1 week.
Yamamoto et al investigated the spontaneous death of isolated adult rat cardiomyocytes in culture, 8 but they used the redifferentiated model, not the rapid attachment model in which the short life of the system is more problematic. Their study reported cardiomyocyte apoptosis on the basis of the presence of DNA fragmentation, a biochemical hallmark of apoptosis, 9, 10 without evidence of the characteristic ultrastructure that is the morphological hallmark and gold standard for apoptosis at present. [11] [12] [13] Accurate information on the natural course is important in such short living cells as adult ventricular cardiomyocytes because spontaneous death may have a significant influence on the interpretation of experimental results, particularly in studies regarding cell kinetics. In the present study, therefore, we tried to delineate the spontaneous death of isolated adult rat ventricular cardiomyocytes in the rapid attachment model using both morphological and biochemical hallmarks of apoptosis and oncosis.
Methods

Isolation and Culture of Cardiomyocytes
The isolation and culture of adult rat ventricular cardiomyocytes were performed using previously established techniques with slight modifications. 5, 6, 14 Adult male Sprague-Dawley rats (200-250 g) were injected with 500 units/kg heparin sodium intraperitoneally and then anesthetized with intraperitoneal pentobarbital (30 mg/kg). The heart was removed and hooked up to a modified Langendorff perfusion apparatus (Kontes) and washed for 5 min with Ca 2+ -free modified Krebs-Ringer buffer containing (mmol/L) NaCl 110, KCl 2.6, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25.0, HEPES 25.0, and glucose 11.0. The heart was then recirculated with buffer containing 0.1% collagenase type II (Worthington Biochemical Co) and 0.1% albumin. Fifteen minutes was allowed for Ca 2+ -free circulation, and then Ca 2+ was added gradually to a maximal concentration of 1 mmol/L over a 45-min period. At the end of the perfusion, both ventricles were removed, cut into small pieces, and incubated in fresh buffer containing 0.1% collagenase and 1% albumin for 10-20 min while being gently rotated. The suspension was filtered through a 209 m nylon mesh and centrifuged for 5 min at 50 G. The cell pellet was washed with 0.2% albumin and centrifuged for 5 min at 50 G through a density gradient of 0.2% and 4% albumin solution to remove dead cells. The cells were then washed with 4% albumin solution and twice with MEM/F-12 (Gibco, Cat. No. 11039) with added 0.2% albumin and 50 g/ml gentamycin. Because the culture system of the rapid attachment model does not contain serum, the growth of contaminated non-cardiomyocytes is not problematic. Moreover, adult cardiomyocytes are very highly differentiated and unique in shape, so that they can be easily distinguished from non-cardiomyocytes. Rod-shaped cells were concentrated at 2.5×10 4 cells/ml. Samples of 2 and 10 ml were plated on to 35-and 100-mm laminin-coated dishes, respectively, or 4 ml in to slide glass chambers. The samples were incubated for 1 h in a CO2 incubator (95% air -5% CO2) to allow the cells to attach to the bottom, after which they were gently washed 10 times for complete removal of nonattached cells. This was the starting point of the present study (Day 0). The cells were again incubated with MEM/F-12 in a CO2 incubator and used for experiments after 0 (Day 0), 1 (Day 1), 2 (Day 2), 3 (Day 3), 5 (Day 5), and 7 days (Day 7). The cardiomyocytes plated on to 35-mm dishes were used for examining morphology and membrane permeability by light microscopy, those in the slide glass chambers were used for electron microscopy and in situ nick end-labeling (TUNEL), and those on the 100-mm dishes were for DNA extraction. Each experiment was done in triplicate.
Non-attached, floating cells were not observed on Day 0. On Day 1 and later, however, floating cells appeared in increasing numbers with repeated washing with culture medium and were also used for experiments. Then, the dishes planned for experiments on later days were supplemented with fresh medium.
Light Microscopy
The number of attached cells was counted using 1 mm 2 grids plated on to the dishes. Non-attached, floating cells were also counted using a hematocounter.
Under a phase-contrast microscope, cells were classified into 2 groups according to the cell length-to-width ratio: rod-shaped cells with a cell length/width ratio greater than 3 and non-rod cells with a cell length/width ratio less than 3. The latter included square cells and round cells, with or without budding or blebbing, and cellular fragmentation.
Evaluation of Membrane Permeability Cells were exposed to 0.1% trypan blue for 5 min and processed for sarcolemmal membrane damage. The number of stained and unstained cells in the dishes was counted and each experiment was done in triplicate in each group. The floating cells were processed in the same way.
Transmission Electron Microscopy
At Days 0, 1, 2, 3, 5, and 7, attached cells and floating cells were separately fixed with phosphate-buffered 2.5% glutaraldehyde (pH 7.4) for 4 h followed by postfixation with 1% osmium tetroxide for 1 h. They were dehydrated through a graded series of ethanol and embedded in Epon medium. Thin sections were stained with uranyl acetate and lead citrate and examined in a Hitachi H-800 electron microscope.
Quantitative assessment at the electron microscopic level was performed. Cardiomyocytes sectioned at the level of the nucleus were counted and classified as living, apoptotic, and oncotic cardiomyocytes. Apoptotic cardiomyocytes were further classified into cells with intact plasma membranes and those with ruptured plasma membranes. Approximately 200 cardiomyocytes were counted in each group.
DNA In Situ Nick End Labeling (TUNEL)
The cells cultured on slide chambers were fixed with 1% paraformaldehyde for 15 min at room temperature. TUNEL was performed using an ApopTag in situ apoptosis detection kit (Oncor) and then the slides were counterstained with hematoxylin. Floating cells were smeared onto a slide glass, dried and then fixed and stained in the same manner.
DNA Extraction and Electrophoresis
DNA released from 2.5×10 5 cardiomyocytes (including both attached and non-attached cells) was extracted and separated by electrophoresis in agarose gels according to the method of Arends et al. 5 
Statistical Analysis
Values were expressed as the mean ± SEM. Statistical comparisons were performed by ANOVA followed by Newman-Keul's multiple comparisons test. A p value less than 0.05 was considered significant.
Results
Time Course of the Number of Cardiomyocytes Categorized by Morphology and Membrane Permeability
On Day 0 immediately after removal of non-attached cells, the total number of attached cardiomyocytes was 55± 27 × 10 3 cells/35-mm dish. The rod-shaped cells averaged 86% and the dye-excluding cells 98%. During incubation, floating cells appeared and the total number of attached and floating cells decreased rapidly initially and then gradually on the later days (Fig 1A) . The reduction in the total cell number was especially extreme during the first day of culture: 32% reduction. The total cell number finally reached 8.3±2.1 × 10 3 cells/dish after 7 days culture (88% reduction). In addition, there were dye-including cells among the 7-day culture cells. Thus, the cell death rate was extreme in the rapid attachment model of cultured cardiomyocytes used in the present study. The number of both rod-shaped and dyeexcluding cells decreased with the incubation period (Fig 1B) .
The dye exclusion method may underestimate cell death because apoptotic cell death generally progresses without plasma membrane rupture until the later phase. [11] [12] [13] In our study the rod-shaped cells were usually less in number than the dye-excluding cells (Fig 1B) and none of the cardiomyocytes showed both a rod shape and dye inclusion. Therefore, the cardiomyocytes were classified into 3 types based on morphology (rod or non-rod) and membrane integrity (dye-exclusion or inclusion): type 1, rod cells with intact membranes; type 2, non-rod cells with intact membranes; (Fig 1D) .
Ultrastructure of Cardiomyocytes
To distinguish between the modes of death of cardiomyocytes, we used electron microscopy, which can distinguish between living cells, apoptosis, and oncosis (primary necrosis) (Fig 2) . Apoptotic cardiomyocytes were shriveled with relatively intact subcellular organelles and had nuclei with well-defined, glossy chromatin condensation and an intact plasma membrane, all of which was compatible with apoptosis. [11] [12] [13] There were cardiomyocytes showing apparently ruptured plasma membranes and degraded mitochondria, but also apoptotic chromatin condensation and cellular fragmentation (ie, apoptotic bodies) and these cells had also died via apoptosis (post-apoptotic secondary necrosis). Oncotic cardiomyocytes were edematous and contained severely degraded subcellular organelles, representative swollen mitochondria containing amorphous dense bodies, and their plasma membranes were ruptured. It was sometimes difficult to distinguish between oncosis and apoptosis with ruptured plasma membrane. In such cases, the nuclear morphology (apoptotic or not) was the key for distinction (Fig 2D,E) . We also observed cellular debris, which was abundant among the floating cells on Day 1, but decreased on the later days.
Electron microscopy identified the type 1 cardiomyocytes classified by light microscopy as viable, the type 2 as viable or apoptotic and type 3 as oncotic or secondary post-apoptotic necrosis. Fig 3A,B shows the morphometric assessment of attached and floating cardiomyocytes at each incubation time. The analysis revealed that proportionally, oncosis was decreased, but apoptosis was increased. However, since the absolute number of cardiomyocytes continued to decrease with the incubation time, as shown in Fig 1, the result could be interpreted as follows. Oncotic cell death was concentrated during the early phase of culture whereas apoptotic cell death occurred throughout the culture period (Fig 3C) .
DNA Fragmentation in Cardiomyocytes
TUNEL-positivity was not observed in cardiomyocytes at Day 0, but could be observed among the cardiomyocytes on the later days of culture (Fig 4A) . A substantial portion of the floating cells were TUNEL-positive, and the incidence of TUNEL-positive cells among the total number of cells increased in parallel with the incubation period (Fig 4B) . DNA gel electrophoresis revealed a clear ladder pattern in the cardiomyocytes cultured for 2 days and longer (Fig 4C) .
Discussion
Not only attached but also floating cells were taken into account in the present study and the sum of all cells went on decreasing during culture (Fig 1A) . The decrease in the total cell number was mainly caused by the removal of floating cells while changing the medium and partly by cell disappearance through complete degradation after death. In fact, there was abundant cell debris among the floating cells on Day 1. In addition to this cell loss, an overwhelming majority of the floating cells contained dye. Moreover, there were dye-including cells among the attached cells. Taking these findings together, the incidence of dead cells was extremely high. When compared with Day 0, 60% of the cells were dead after 1 day of culture, 81% after 3 days of culture, and 90% after 7 days of culture. Because the dye-exclusion method does not detect the early phase of apoptosis that is not accompanied by membrane rupture, the real incidence of death must be higher. Because of this high incidence of spontaneous death, the present information is critically important for the interpretation of studies using this cell type in culture, particularly when cell kinetics are studied.
In the present study, type 3 cells (non-rod and dyeincluding cells) were observed more frequently during the early days of culture than in the later phase, whereas type 2 cells (non-rod and dye-exclusion cells) were almost constantly seen. Cells classified as type 3 at the light microscopic level were oncotic or undergoing post-apoptotic secondary necrosis when observed with electron microscopy, and type 2 cells on light microscopy consisted of viable cells or apoptotic cells at the electron microscopic level. This suggests that oncotic cell death is concentrated during the early phase of culture whereas apoptotic cell death occurs throughout the culture period. Ultrastructural morphometry confirmed this finding and revealed that apoptosis, rather than oncosis, was the predominant mode of spontaneous death of isolated adult cardiomyocytes in culture. In the present model, a DNA ladder appeared and more than 10% of the cardiomyocytes showed an apoptotic ultrastructure as early as Day 2. This finding should be taken into consideration when the rapid attachment model of adult cardiomyocytes is used for experiments.
The cell loss was unexpectedly extreme during the first day of culture (32% reduction) and because abundant cell debris was seen among the floating cells of Day 1, complete cell degradation may substantially contribute to this cell loss. However, it was difficult to determine the original mode of death of these lost cells. We additionally examined adult cardiomyocytes that were cultured for 12 h and found on electron microscopy that the floating cells collected after 12 h culture had a substantial proportion of oncotic cells (59±6%, n=3). Taking this into account, the rapid cell decrease during the first day was mainly the result of oncotic cell death and subsequent cell degradation. When considering that oncotic cell death mostly occurred during the early phase of culture, it may be that the most important factor triggering oncosis of the cultured cardiomyocytes is injury related to the cell isolation procedure and the subsequent failure in repair.
Majno and Joris proposed, on a morphological basis, 2 modes in the progression of cellular changes towards death as (1) from oncosis to necrosis and (2) from apoptosis to necrosis. 13 Yamamoto et al had previously reported that the mode of spontaneous death of isolated adult rat cardiomyocytes was apoptosis, 8 they used cardiomyocytes from the redifferentiated model, which is a rather exceptional model of adult cardiomyocyte culture. They reported cardiomyocyte apoptosis on the basis of the presence of DNA fragmentation, a biochemical hallmark of apoptosis, 9,10 but recent studies have shown that DNA fragmentation becomes positive even during the oncotic (necrotic) process. [15] [16] [17] The TUNEL procedure positively labels living vascular smooth muscle cells with active RNA transcription 18 and living cardiomyocytes under DNA repair, 19 thus, evidence of the characteristic ultrastructure, the morphological hallmark of apoptosis, [11] [12] [13] is needed for specific detection of apoptosis. Yamamoto et al did not refer to oncotic cardiomyocyte death and because they did not perform an ultrastructural examination, it is not clear whether oncosis occurred in their model. In contrast, the present study demonstrated both apoptotic and oncotic cell death during the natural course of cultured adult rat cardiomyocytes in the rapid attachment model, a popular model in which the short life of the cells is problematic, based on both ultrastructural and biochemical findings.
The possible causes of apoptosis of isolated adult rat cardiomyocytes in culture are lack of growth factors, lack of electrical signals, lack of contractile activity, lack of normal mechanical loads, mild injury related to cell isolation and the early loss of cell contact. 8 In particular, loss of cell contact has recently attracted attention as an important trigger for apoptosis, called anoikis, 20, 21 and serum depletion was recently reported to cause apoptosis in cultured neonatal rat cardiomyocytes. 22 Piper's group recommended supplementation of the basic medium with insulin, creatine, carnitine, and taurine to improve the longevity of isolated adult cardiomyocytes in serum-free culture, 23 and of these, insulin has been recently found to prevent apoptosis of cultured cardiac myocytes. 24, 25 Thus, the anti-apoptotic effect of the other additives that are considered to improve survival of cultured cardiac myocytes should be investigated.
The major question which arises is why apoptosis has not been previously described in the numerous previous studies of cultured cardiomyocytes. Because many of them have been mainly electron microscopic studies, it is suggested that it was simply overlooked or neglected because the concept of apoptosis was not well established. For example, Vander Heide et al presented an electron microphotograph in which there is an apparent apoptotic body (right lower portion of figure 7 of their report 26 ), but they did not refer to it as apoptosis. This reveals the immaturity of the research into apoptosis in the field of cardiovascular science and therefore, we suggest that the present findings, although relatively basic, are important and that more information need to be accumulated.
